. Free fatty acids, but not ketone bodies, protect diabetic rat hearts during low-flow ischemia. Am J Physiol Heart Circ Physiol 280: H1173-H1181, 2001.-To determine whether the effects of fatty acids on the diabetic heart during ischemia involve altered glycolytic ATP and proton production, we measured energetics and intracellular pH (pH i ) by using 31 P NMR spectroscopy plus [2-3 H]glucose uptake in isolated rat hearts. Hearts from 7-wk streptozotocin diabetic and control rats, perfused with buffer containing 11 mM glucose, with or without 1.2 mM palmitate or the ketone bodies, 4 mM ␤-hydroxybutyrate plus 1 mM acetoacetate, were subjected to 32 min of low-flow (0.3 ml ⅐ g wet wt Ϫ1 ⅐ min Ϫ1 ) ischemia, followed by 32 min of reperfusion. In control rat hearts, neither palmitate nor ketone bodies altered the recovery of contractile function. Diabetic rat hearts perfused with glucose alone or with ketone bodies, had functional recoveries 50% lower than those of the control hearts, but palmitate restored recovery to control levels. In a parallel group with the functional recoveries, palmitate prevented the 54% faster loss of ATP in the diabetic, glucose-perfused rat hearts during ischemia, but had no effect on the rate of ATP depletion in control hearts. Palmitate decreased total glucose uptake in control rat hearts during low-flow ischemia, from 106 Ϯ 17 to 52 Ϯ 12 mol/g wet wt, but did not alter the total glucose uptake in the diabetic rat hearts, which was 42 Ϯ 5 mol/g wet wt. Recovery of contractile function was unrelated to pH i during ischemia; the glucose-perfused control and palmitateperfused diabetic hearts had end-ischemic pH i values that were significantly different at 6.36 Ϯ 0.04 and 6.60 Ϯ 0.02, respectively, but had similar functional recoveries, whereas the glucose-perfused diabetic hearts had significantly lower functional recoveries, but their pH i was 6.49 Ϯ 0.04. We conclude that fatty acids, but not ketone bodies, protect the diabetic heart by decreasing ATP depletion, with neither having detrimental effects on the normal rat heart during low-flow ischemia. 31 P nuclear magnetic resonance spectroscopy; substrate utilization; glucose uptake; myocardial energetics DIABETIC PATIENTS ARE MORE PRONE TO, and have more severe complications after, myocardial infarction (1, 26, 27) . Many factors are hypothesized to contribute to this unfavorable outcome, including the metabolic effects of low glucose uptake, with elevated serum concentrations of glucose, fatty acids, and ketone bodies that occur in diabetes (1, 26, 27) . Despite the clinical evidence that diabetes increases the risk of morbidity and mortality in ischemic heart disease, there are substantial and rather paradoxical experimental studies (11) that suggest the diabetic heart may be more resistant to ischemic injury. The most commonly used animal model of diabetes is the rat injected with streptozotocin (STZ). The isolated STZ rat heart shows either increased or decreased sensitivity to ischemic injury, depending on the duration of the diabetic state, the type of ischemia (total vs. low flow), and the substrates used (see Ref. 32 for a review). Maximal injury reportedly occurs in rat hearts 6-7 wk after STZ injection, during low-flow ischemia in the presence of fatty acids (32). Circulating plasma fatty acids are higher with diabetes and increase further during an ischemic event, suggesting that fatty acids may be involved in the increased ischemic damage seen in diabetic hearts (23). Among the cellular mechanisms hypothesized to underlie increased ischemic injury are that fatty acids: 1) depress glucose utilization and glycolytic ATP production (32, 34), and/or 2) inhibit pyruvate dehydrogenase (PDH), thereby uncoupling glycolysis and glucose oxidation during reperfusion with increased proton production from glucose metabolism (21, 22, 25) . To determine whether either mechanism underlies the increased ischemic damage in the diabetic heart, we used 31 P nuclear magnetic resonance (NMR) spectroscopy to measure ATP and intracellular pH (pH i ) and [2-3 H]glucose uptake to measure glycolytic rate in rat hearts 7 wk after STZ injection, during low-flow ischemia, in the presence or absence of palmitate. Owen and co-workers (30) showed ␤-oxidation of palmitate with ATP production during low-flow ischemia in the normal rat heart, which led us to hypothesize that ketone bodies, also oxidized in the mitochondria (35), would provide further insights into the cellular mechanisms leading to ischemic damage. However, we found that neither palmitate, which inhibited glycolysis, nor ketone bodies were detrimental to the normal rat heart during low-flow ischemia and that palmitate but not ketone bodies, decreased ischemic injury in diabetic rat
P nuclear magnetic resonance spectroscopy; substrate utilization; glucose uptake; myocardial energetics DIABETIC PATIENTS ARE MORE PRONE TO, and have more severe complications after, myocardial infarction (1, 26, 27) . Many factors are hypothesized to contribute to this unfavorable outcome, including the metabolic effects of low glucose uptake, with elevated serum concentrations of glucose, fatty acids, and ketone bodies that occur in diabetes (1, 26, 27) . Despite the clinical evidence that diabetes increases the risk of morbidity and mortality in ischemic heart disease, there are substantial and rather paradoxical experimental studies (11) that suggest the diabetic heart may be more resistant to ischemic injury. The most commonly used animal model of diabetes is the rat injected with streptozotocin (STZ). The isolated STZ rat heart shows either increased or decreased sensitivity to ischemic injury, depending on the duration of the diabetic state, the type of ischemia (total vs. low flow), and the substrates used (see Ref. 32 for a review). Maximal injury reportedly occurs in rat hearts 6-7 wk after STZ injection, during low-flow ischemia in the presence of fatty acids (32) . Circulating plasma fatty acids are higher with diabetes and increase further during an ischemic event, suggesting that fatty acids may be involved in the increased ischemic damage seen in diabetic hearts (23) . Among the cellular mechanisms hypothesized to underlie increased ischemic injury are that fatty acids: 1) depress glucose utilization and glycolytic ATP production (32, 34) , and/or 2) inhibit pyruvate dehydrogenase (PDH), thereby uncoupling glycolysis and glucose oxidation during reperfusion with increased proton production from glucose metabolism (21, 22, 25) . To determine whether either mechanism underlies the increased ischemic damage in the diabetic heart, we used 31 P nuclear magnetic resonance (NMR) spectroscopy to measure ATP and intracellular pH (pH i ) and [2- 3 H]glucose uptake to measure glycolytic rate in rat hearts 7 wk after STZ injection, during low-flow ischemia, in the presence or absence of palmitate. Owen and co-workers (30) showed ␤-oxidation of palmitate with ATP production during low-flow ischemia in the normal rat heart, which led us to hypothesize that ketone bodies, also oxidized in the mitochondria (35) , would provide further insights into the cellular mechanisms leading to ischemic damage. However, we found that neither palmitate, which inhibited glycolysis, nor ketone bodies were detrimental to the normal rat heart during low-flow ischemia and that palmitate but not ketone bodies, decreased ischemic injury in diabetic rat heart. Parts of this work have been published in abstract form (17, 18) .
METHODS

STZ-induced diabetes.
Type I diabetes was produced in male Wistar rats (250-300 g body wt) after an injection of 50 mg/kg ip STZ (Sigma; St. Louis, MO) dissolved in 50 mM citrate, pH 4.5. Control animals were injected with vehicle. All STZ-injected animals were then given a 10% glucose solution to drink for 24 h, after which their urine was tested for glucose with the use of glucose sticks (Clinistix, Ames; Slough, UK). Only STZ-injected animals demonstrating significantly elevated urine glucose, ϳ95% of animals injected, were used in the experiments.
Heart perfusions. Seven weeks after injection, the rats were anesthetized with a 1-ml ip injection of 60 mg/ml pentobarbitone sodium (Sagatal, Rhône Mèrieux; Dublin, Ireland). After cessation of peripheral nervous function, hearts were quickly excised and arrested in ice-cold heparin-containing Krebs-Henseleit buffer. Blood samples, taken from the chest cavity after removal of the heart, were immediately centrifuged, and the supernatant was kept on ice for determination of plasma glucose and free fatty acids. Hearts were cannulated via the ascending aorta for retrograde Langendorff perfusion at 37°C using modified, phosphate-free Krebs-Henseleit buffer containing (in mM) 119 NaCl, 5.4 KCl, 1.2 MgSO 4 , 2 CaCl 2 , 25 NaHCO 3 , 0.25 EDTA, and 11 glucose. For the fatty acid experiments, 3% albumin (Bovuminar reagent, fatty acid free, Intergen; Purchase, NY) was added to the buffer, with or without 1.2 mM Na palmitate (Sigma) and dialyzed against albumin-free KrebsHenseleit buffer for 48 h before use. This concentration of palmitate was used because it reportedly causes maximal damage during ischemia-reperfusion (32) . The free fatty acid concentration was quantified by using a NEFA-C kit (Wako Chemical; Neuss, Germany). K ϩ and Na ϩ concentrations and the osmolarity of all buffers were measured after dialysis to ensure that they were the same as the standard KrebsHenseleit buffer. For the ketone body experiments, 1 mM acetoacetate and 4 mM d-␤-hydroxybutyrate (Na salts) were added to the buffer. These ketone body concentrations were used because they have been shown to compensate for defects in mitochondrial energy transduction associated with acute insulin deficiency (35) . The buffers were continually gassed with 95% O 2 -5% CO 2 , and, because a volume of 250 ml was recirculated, were continuously filtered by using an in-line prefilter, followed by 0.8-and 0.45-m filters (Millipore; Bedford, MA).
A water-filled polyethylene balloon, attached via polyethylene tubing to a pressure transducer (model P23 dB, Gould), was inserted into the left ventricular (LV) cavity via the mitral valve and inflated sufficiently to produce an enddiastolic pressure (EDP) of ϳ4 mmHg. Thebesian vein flow was removed from the left ventricle via a drain inserted into the apex of the heart. Heart rate and LV pressures were recorded continuously by using a MacLab 4s (AD Instruments; Hastings, Sussex, UK) attached to an Apple Macintosh Performa 630 running a Chart software program (AD Instruments). LV developed pressure (LVDP) was calculated as the systolic pressure minus the EDP. The rate-pressure product (RPP) was the product of the LVDP and the heart rate in beats per min. Recovery of RPP on reperfusion was expressed as percentage of preischemic function measured 2 min before ischemia.
Ischemia-reperfusion protocols. Hearts were perfused during cannulation with nonrecirculating Krebs-Henseleit buffer. For the fatty acid experiments, the hearts were switched to 250 ml of recirculating Krebs-Henseleit buffer containing 3% albumin (without palmitate) at 100 mmHg constant pressure for 26 min. The perfusion buffer was changed 4 min before ischemia to 250 ml of fresh, recirculating Krebs-Henseleit containing 3% albumin with or without 1.2 mM palmitate. For the ketone body experiments, hearts were switched to 250 ml of recirculating Krebs-Henseleit buffer at 100 mmHg constant pressure for 26 min before changing, 4 min before ischemia, to 250 ml of fresh, recirculating Krebs-Henseleit buffer with or without the ketone bodies. Thus the substrate was glucose only for all hearts before ischemia and glucose was used in all perfusion buffers throughout ischemia-reperfusion. Ischemia lasted 32 min at 0.3 ml ⅐ min Ϫ1 ⅐ g wet wt
Ϫ1
, and reperfusion was at constant pressure for 32 min by using the same buffer that had been used during ischemia.
31 P NMR spectroscopy. For the fatty acid experiments, the perfused hearts were encased in a 20-mm diameter glass NMR tube, which was inserted into a 400-MHz, 9.4-T vertical wide-bore superconducting magnet (Oxford Instruments; Oxford, UK). The temperature of the heart was maintained at 37°C by using the variable temperature unit attached to the spectrometer. Consecutive 4-min 31 P NMR spectra were acquired with the use of a spectrometer (Inova Unity, Varian; Palo Alto, CA) at a phosphorus resonance frequency of 161.92 MHz. Saturated spectra were acquired by using a 60°pulse angle with an interpulse delay of 2.14 s. A total of 112 summed transients gave a total acquisition time of 4 min. Peak resolution was enhanced by shimming the proton signal to a line width between 20 and 35 Hz to reduce field inhomogeneities. The signal-to-noise ratio was increased by multiplying the 31 P NMR free induction decays by an exponential function, sufficient to generate a line broadening of 20 Hz, before Fourier transformation. The areas of the spectral peaks were fitted to Lorentzian line shapes by using a software program (NMR1, Tripos; St. Louis, MO). The ATP content (mol/g dry wt) was determined in another set of control and diabetic rat hearts that were frozen at the end of 30 min normal perfusion by using Wollenberger clamps kept cold with liquid nitrogen. Hearts were stored at Ϫ70°C for determination of ATP concentrations and the wet-to-dry weight ratios. After the spectrophotometrically measured ATP content was assigned to the initial ␤-ATP peak area, other metabolite concentrations were calculated by relating their peak areas to that of ATP, with correction for spectral saturation. pH i was estimated from the chemical shift of the inorganic phosphate peak (␦ Pi ) relative to that of the phosphocreatine (PCr) peak by using the following equation derived from titration solutions pH i ϭ 6.72 ϩ log ␦ Pi Ϫ 3.17
Ϫ ␦ Pi
Glucose uptake in response to insulin and during ischemia. Glucose uptake was measured as the rate of cleavage of H ϩ from glucose. The H ϩ was traced by using D- [2] [3] H] glucose, with the 3 H ϩ released in the phosphoglucoisomerase reaction (glucose 6-phosphate to fructose-6 phosphate) as H 2 O. Thus the amount of 3 H 2 O in the coronary effluent was used to estimate glucose uptake (16) . Hearts were perfused with 250 ml of recirculating Krebs-Henseleit buffer containing 11 mM glucose and D- [2- 3 H]glucose, with an activity of 14.5 mCi/ mmol (Amersham; Bucks, UK). To determine insulin response in separate groups of hearts (n ϭ 4-5 per group), insulin was added to the buffer reservoir after 30 min, to give a final concentration of 3 U/l to ensure maximal stimulation of glucose transport. Recirculating perfusion was continued for another 30 min. Buffer samples from the reservoir were taken every 4 min throughout the protocol. The glucose used (in mol) was plotted against time, and the rates of glucose uptake (mol ⅐ g wet wt Ϫ1 ⅐ min Ϫ1 ), with and without insulin, were calculated. Other groups of hearts (n ϭ 4-7 per group) were used to determine the effects of palmitate on glucose uptake during ischemia. In these experiments, buffer samples were taken immediately before ischemia to establish baseline counts, and effluent from the heart was collected over consecutive 4-min intervals during the 32 min of lowflow, 0.3 ml ⅐ g wet wt Ϫ1 ⅐ min Ϫ1 , ischemia. Control and STZ hearts were perfused with or without fatty acids during ischemia, according to the above protocol.
Biochemical analyses. Plasma glucose was measured by using an assay kit (Sigma), and free fatty acids were measured by using the NEFA C kit (Wako Chemicals). Frozen heart tissue was extracted by using 5.6% perchloric acid, and ATP assays were performed on the neutralized extracts (31) . Glycogen was extracted from the tissue by using ethanol and NaOH, and the extract was assayed for glucose with glycogen calculated as micromoles of carbon-6 per gram wet weight (10) .
Statistics. Data are expressed as means Ϯ SE. ATP depletion rates were calculated by using linear regression analysis (Excel 2000, Microsoft). Statistical significance was assessed by using two-way ANOVA or repeated measures ANOVA and a post hoc Student's t-test with Bonferroni correction where appropriate (SPSS statistical software). Differences were considered significant at P Ͻ 0.05.
RESULTS
Physiological characteristics of diabetic rats. In the 7 wk after STZ injection, diabetic rat body weights did not change, whereas control rat body weights increased by ϳ200 g (Table 1 ). Consequently, diabetic rats had body and heart weights that were 41 and 36% lower, respectively, than those of the control rats, but had similar heart-to-body weight ratios. Diabetic rats had plasma glucose levels 3.2-fold higher, free fatty acid levels 1.8-fold higher, and ␤-hydroxybutyric acid levels 2.6-fold higher than the control rats ( Table 1) . The glycogen content, determined in separate groups of hearts freeze-clamped after 30 min perfusion, was twofold higher in the diabetic rat hearts (n ϭ 6), at 19.3 Ϯ 2.0 mol/g wet wt (P Ͻ 0.05), than in control rat hearts (n ϭ 6) at 10.2 Ϯ 0.8 mol/g wet wt.
Recovery of myocardial contractile function. In groups of hearts not subjected to ischemia, 90 min of aerobic perfusion with glucose as the sole substrate, decreased contractile function (RPP) by Ͻ10% (ns, not significant) in control rat hearts, but by ϳ40% (P Ͻ 0.05) in diabetic rat hearts (data not shown). Thus, immediately before ischemia, contractile function of diabetic rat hearts perfused with glucose alone was significantly lower than controls (Table 2 ). Coronary flow rates were the same for all hearts before ischemia with 100% recovery in each heart group during reperfusion. Inclusion of albumin in the buffer lowered the recovery of the RPP by 30% (P Ͻ 0.05) in control hearts (Table 2) . With glucose plus albumin, control heart functional recovery was 58%, and diabetic rat heart Values are means Ϯ SE; n ϭ no. of rats per group. Function is given for 2 min before ischemia or 30 min after reperfusion. RPP, rate-pressure product; EDP, end-diastolic pressure. * Significantly different from control hearts in the same group, P Ͻ 0.05. † Significantly different from the glucose ϩ albumin-perfused control hearts, P Ͻ 0.05. recovery was half that of controls, at 31% of preischemic function ( Fig. 1 and Table 2 ). The addition of palmitate or ketone bodies to the perfusion buffer did not affect the recovery of control rat hearts, which was 66-70%, nor did ketone bodies alter the recovery of diabetic hearts, which remained low at 35%. However, palmitate increased the functional recovery of diabetic rat hearts to that of control hearts, to 62% of preischemic values. During reperfusion, the EDP in the diabetic rat hearts given glucose alone or with ketone bodies, were significantly higher than in either of the control groups or in the palmitate-perfused diabetic hearts. Thus, palmitate, but not ketone bodies, decreased injury in the diabetic rat heart during low-flow ischemia.
Myocardial energetics. 31 P NMR spectra (Fig. 2 ) showed that the PCr concentrations were the same in all hearts before ischemia and that PCr was hydrolyzed at the same rate to remain at 2-10 mol/g dry wt during ischemia in all hearts (Fig. 3) . However, the glucose-perfused, diabetic rat hearts had significantly lower PCr recovery during reperfusion than the palmitate-perfused diabetic rat hearts ( Fig. 3 and Table 3 ). The concentration of ATP was the same in all hearts before ischemia at 31.5 mol/g dry wt, but the diabetic rat hearts perfused with glucose alone had a 54% faster loss (P Ͻ 0.05) of ATP during ischemia (Table 3) . Palmitate did not alter the rate of ATP depletion in the control rat hearts, but decreased the ATP depletion rate in the diabetic hearts to that of the controls. There was no significant increase in ATP in any of the hearts during reperfusion (Fig. 3) .
Myocardial pHi. The pH i before ischemia-reperfusion was the same in all hearts (Fig. 3) . However, at the end of ischemia, pH i was significantly higher in hearts perfused with palmitate than in those perfused with glucose alone (Table 3) . Thus diabetic rat hearts perfused with glucose alone had significantly lower recovery of contractile function and higher EDP during reperfusion, which were associated with a faster rate of ATP depletion during ischemia and lower PCr recovery during reperfusion, but were not related to the pH i during ischemia. Indeed, the same functional recoveries were observed in hearts with pH i values ranging from 6.36 to 6.60, suggesting that proton load did not determine recovery under these experimental conditions.
Basal glucose uptake and insulin response. In control rat hearts, glucose uptake rates increased from 8.1 Ϯ 0.5 to 17.1 Ϯ 3.9 mol ⅐ g dry wt Ϫ1 ⅐ min Ϫ1 (P Ͻ 0.05), on Fig. 1 . Rate-pressure products (RPP) before, during, and after low-flow (0.3 ml ⅐ g wet wt Ϫ1 ⅐ min Ϫ1 ) ischemia in control and diabetic rat hearts. Points are means Ϯ SE. See Table 2 for no. of rats used in each group. Top: hearts were perfused with Krebs-Henseleit buffer containing 11 mM glucose ϩ 3% albumin until 4 min before ischemia, when the buffer was changed to one, either with or without 1.2 mM palmitate. The same buffer was used throughout ischemia-reperfusion. *Significantly lower than the other heart groups, P Ͻ 0.05. Bottom: all hearts were perfused with Krebs-Henseleit buffer containing 11 mM glucose until 4 min before ischemia, when the buffer was changed to one with or without the ketone bodies, 1 mM acetoacetate and 4 mM d-␤-hydroxybutyate. The same buffer was used throughout ischemia-reperfusion. During reperfusion, the diabetic heart RPP were significantly lower than control. stimulation with insulin. The basal glucose uptake rate in the diabetic rat hearts was significantly lower than control, at 3.5 Ϯ 2.5 mol ⅐ g dry wt Ϫ1 ⅐ min Ϫ1 (P Ͻ 0.05), and increased to 7.8 Ϯ 2.4 mol ⅐ g dry wt Ϫ1 ⅐ min Ϫ1 on stimulation with insulin. Thus, in the presence or absence of insulin, glucose uptake rates in the diabetic rat hearts were less than half those of the controls. Contractile function did not change with the addition of insulin (data not shown).
Myocardial glucose uptake during low-flow ischemia. Because the pH i was significantly lower in hearts perfused with glucose and was higher in all palmitateperfused rat hearts at the end of ischemia, palmitate may have inhibited glycolysis. Consequently, the effect 31 P nuclear magnetic resonance (NMR) spectra of control and diabetic rat hearts before ischemia (top), at the end of low-flow (0.3 ml ⅐ g wet wt Ϫ1 ⅐ min
Ϫ1
) ischemia (middle), and at the end of reperfusion (bottom). Spectra, processed with a 20-Hz exponential filter, are plotted with intensities relative to the phosphocreatine (PCr) peak in the preischemia spectrum for each heart. Each spectrum was acquired with the use of a 60°pulse with an interpulse delay of 2.14 s and consisted of 112 summed transients, giving a total acquisition time of 4 min. ppm, Parts per million.
of palmitate on myocardial [2- 3 H]glucose uptake was measured during ischemia. Glucose uptake rates were maximal at 3.4 Ϯ 0.3 mol ⅐ g dry wt Ϫ1 ⅐ min Ϫ1 in the control rat hearts perfused with glucose alone (Fig. 4) , but palmitate decreased uptake by 50%, to 1.7 Ϯ 0.1 mol ⅐ g dry wt Ϫ1 ⅐ min Ϫ1 (P Ͻ 0.05). Glucose uptake rates were 62% lower in the diabetic rat hearts than in the glucose-perfused control hearts (P Ͻ 0.05) and were not altered by palmitate. Thus the total glucose uptake was approximately twofold higher in the control glucose-perfused rat hearts than in palmitate-perfused control and either glucose-or palmitate-perfused diabetic rat hearts (Table 3) .
DISCUSSION
This work shows that, when glucose is the only substrate, the isolated diabetic rat heart has lower contractile function during preischemia, reduced glucose uptake and faster ATP depletion during ischemia, and poorer functional recovery with higher EDP during reperfusion than the control rat heart. Other groups (6, 37) have also reported low contractile function in glucose-perfused diabetic rat hearts, despite normal ATP and PCr levels, with restoration of systolic pressure to normal on the addition of hexanoate to the perfusate (4). In our experiments, addition of palmitate restored contractile function in the diabetic rat hearts to control levels after ischemia, suggesting that fatty acids were beneficial. This finding apparently contradicts reports of maximal damage occurring in rat hearts 6-8 wk after STZ injection and perfused with fatty acids during low-flow ischemia (32, 33) . However, the previous study used flow rates three to four times higher than those used here, had more than double the length of ischemia, and used the working rat heart model. Paulson (32) showed that, when ischemic flow rates were adjusted for heart size, diabetic hearts perfused with palmitate had normal functional recovery, in agreement with our findings. Finally, we found that, unlike palmitate, ketone bodies were not beneficial to the diabetic heart during ischemia, probably because their oxidation may be inhibited after STZ treatment (8, 12, 14) .
Cross et al. (10) and King et al. (16) showed that glucose is important for ATP production during lowflow ischemia, increasing functional recovery during reperfusion. Residual oxygen is available to the heart during low-flow ischemia, which allows limited ATP production via oxidative phosphorylation, whether the substrate be glucose or palmitate (30) . Diabetic hearts have reduced glucose transporter expression, which has been attributed to the chronic lack of insulin, resulting in decreased glucose uptake (13, 38) . Not only did we find 50% lower basal glucose uptake, but 50% lower insulin-stimulated glucose uptake in the diabetic rat hearts, suggesting that diabetic hearts have normal insulin signaling, but an insulin response limited by lower glucose transporter numbers.
Diabetic hearts have decreased PDH activity (36), owing to the chronic lack of insulin and increased fatty acid oxidation. Thus low glucose uptake and low PDH activity may result in a lower capacity for ATP production from glucose by both glycolysis and oxidative phosphorylation, which would make diabetic hearts more sensitive to ischemic injury. This occurred in the glucose-perfused diabetic hearts in our study; those hearts had faster ATP loss during ischemia, and higher EDPs, with lower PCr and functional recoveries during reperfusion. In the control glucose-perfused rat hearts, glucose uptake and glycogenolysis provided sufficient substrate for any available oxygen, the evidence for Fig. 3 . ATP, PCr, and intracellular pH (pH i ) before, during, and after low-flow (0.3 ml ⅐ g dry wt Ϫ1 ⅐ min
Ϫ1
) ischemia in control and diabetic rat hearts. Hearts were perfused with Krebs-Henseleit buffer containing 11 mM glucose ϩ 3% albumin until 4 min before ischemia, when the buffer was changed to one with or without 1.2 mM palmitate. *Significantly higher than diabetic glucose-perfused hearts, P Ͻ 0.05. See Table 3 for no. of rats used in the study.
oxidative phosphorylation being seen in the low, but measurable, PCr levels in all hearts throughout ischemia, similar to those found by Owen and co-workers (30) . When added to the perfusate, palmitate was metabolized to produce the same amount of ATP via oxidative phosphorylation despite inhibiting glycolysis, as shown by decreased glucose uptake and higher pH i , with the same ATP and PCr concentrations during ischemia. It has been reported that myocytes isolated from STZ-induced diabetic rat heart have impaired glucose oxidation (7), but normal palmitate oxidation (8) . We suggest that the diabetic rat hearts in our study also metabolized palmitate via ␤-oxidation to produce ATP, thereby restoring the recovery of heart function to control levels. Thus the detrimental effects of low glucose uptake and PDH inhibition in the diabetic rat heart may have been circumvented by palmitate ␤-oxidation during low-flow ischemia.
Given the protective effects of palmitate in diabetic hearts, we expected the ketone bodies, acetoacetate and d-␤-hydroxybutyrate, also to be oxidized to produce ATP via residual oxidative phosphorylation. This probably occurred in the control rat hearts. However, although not detrimental, the ketones did not improve the recovery of contractile function in the diabetic hearts after ischemia. This may be a consequence of decreased activities of d-␤-hydroxybutyrate dehydrogenase and 3-oxoacid CoAtransferase in STZ-induced diabetic rat heart mitochondria, depressing the oxidation of d-␤-hydroxybutyrate and acetoacetate (12, 14) . Indeed, Chen and co-workers (8) showed that reduced d-␤-hydroxybutyrate oxidation in myocytes from STZ-induced diabetic rats, whereas the oxidation of palmitate remained similar to that of the control rat myocytes.
The circulating free fatty acid levels were 1.8-fold higher in the diabetic rats than in the controls ( Table   Table 3 Values are means Ϯ SE; numbers of animals in each group are given in parentheses. PCr, phosphocreatine. * Significantly different from control glucose-perfused hearts, P Ͻ 0.05. † Significantly different from diabetic glucose-perfused hearts, P Ͻ 0.05. ) ischemia in control and diabetic rat hearts perfused with or without palmitate. See Table 3 for no. of rats used in the study. Control hearts ϩ palmitate and diabetic hearts Ϯ palmitate had significantly lower glucose uptakes than glucose-perfused control hearts. 1), yet both were lower than the 1.2 mM palmitate concentrations used during the ischemia-reperfusion protocol. We used 1.2 mM palmitate because it was the concentration used by other groups reporting (28, 29) the detrimental effects of fatty acids during ischemiareperfusion. We rationalized that, during an infarction, the surge in catecholamine activity raises plasma free fatty acids concentrations. Similarly, the plasma ␤-hydroxybutyric acid concentration was 2.6-fold higher in the diabetic rats than in the controls, yet we used higher ketone body concentrations during ischemiareperfusion. Such concentrations were used because they have functional and energetic effects similar to those of insulin in the isolated working rat heart (35) . Elevation of blood ketones to similar levels occurs after a 48-h fast (3) and almost completely reverse the mitochondrial abnormalities associated with insulin deficiency in the normal heart (35) . Although high concentrations of fatty acids and ketone bodies should have a much greater impact on glucose uptake, glycolysis, and glucose oxidation than more physiologically relevant concentrations of these substrates, their impact on the tolerance to low-flow ischemia was negligible in the control rat hearts (Table 2 ). In the diabetic heart, fatty acids were beneficial and the ketone bodies had no impact on the recovery after ischemia.
In contrast to our results, several studies (23, 24, 32) showed that 1.2 mM palmitate has detrimental effects on the isolated rat heart during ischemia. The explanation for the opposite findings may be that the other studies used total ischemia, whereas low-flow ischemia was used here because it allowed the heart a continuous supply of substrates, and because most cases of clinical ischemia involve a form of partial coronary artery occlusion with residual flow. One of the cellular mechanisms proposed to underlie the detrimental effects of palmitate is that it inhibits glucose utilization and thereby overall energy metabolism in the heart, the effect being more pronounced in the diabetic heart, which already has decreased glucose uptake and oxidation (32, 34) . We found that palmitate did indeed inhibit glycolysis in the control rat heart, but this was not detrimental because the palmitate was oxidized to provide as much ATP as could be provided via glycolysis alone, as shown by the 31 P NMR spectroscopic results. In the diabetic rat heart, palmitate oxidation had no effect on the already low glycolytic rate, but produced more ATP than glucose alone and thereby protected the heart. Of course, in total ischemia without residual oxidative phosphorylation, fatty acids would not be able to have the same protective effect.
Another hypothesis for the detrimental effects of palmitate is that it inhibits PDH activity, thereby uncoupling glucose oxidation from glycolysis, with increased proton production during reperfusion (21, 22, 25) . In our study, pH i was higher in all palmitateperfused hearts during ischemia, probably due to the inhibition of glucose uptake and glycolysis, and pH i was significantly lower in the glucose-perfused control rat hearts, but both heart groups had the same functional and pH i recoveries during reperfusion. It may be that the proton load during low-flow ischemia was not damaging because of continued ATP production, as Cross et al. (9) showed. In the totally ischemic heart, the loss of ATP and the accumulation of protons would be considerably greater and more damaging. Yet Lewandowski and White (20) found no differences in pH i recovery after zero-flow ischemia when pyruvate oxidation was stimulated with dichloroacetate, similar to our finding of the same pH i changes in all hearts during early reperfusion. Consequently, our study provides no evidence for altered Na ϩ /H ϩ exchange in the diabetic heart or in the presence of palmitate (15, 19, 22) .
It is possible that differences in recovery after ischemia may have been caused, at least partially, by the increased lactate concentrations in the recirculating perfusion buffer, as lactate increases ischemic injury (9) . The maximum lactate that could have been produced from glucose uptake and glycogenolysis was 232 mol by the control hearts perfused with glucose alone and 124 mol by the diabetic rat hearts. Because the recirculation buffer volume was 250 ml, the final lactate concentrations would have been 0.9 mM for the control and 0.5 mM for the diabetic rat hearts. Recent studies by Chatham and co-workers (5) showed that diabetes preferentially inhibits lactate oxidation relative to glucose oxidation. They also demonstrated that doubling the lactate concentration from 0.5 to 1.0 mM increased lactate oxidation by 50% in control rat hearts. However, in the present study, the control rat hearts had the same functional recoveries, despite a twofold difference in the calculated lactate concentrations and the diabetic rat hearts had different functional recoveries despite the same calculated lactate concentrations in the perfusion buffer, suggesting that any effects of lactate were too subtle to detect by using our experimental protocol.
In the control hearts, the recovery of contractile function in the presence of ketone bodies was significantly greater than in the presence of palmitate owing to the requirement for albumin in the palmitate buffer; albumin lowering the recovery of the RPP by 30% (P Ͻ 0.05; Table 2 ). It is possible that albumin increased damage during ischemia either due to leakage into the interstitial space, as a result of increased endothelial cell permeability after ischemia, or because there was preischemic shrinkage in response to increased oncotic pressure (2) .
In conclusion, we have shown that palmitate was beneficial to the diabetic rat heart during low-flow ischemia, circumventing the detrimental effects of decreased glycolysis by maintaining ATP at control levels. We also found that palmitate was not detrimental to the normal heart during ischemia because, although inhibiting glucose uptake and glycolysis, the additional substrate was able to maintain the same amount of ATP as in the glucose-perfused hearts. Thus the highserum fatty acid concentrations that occur with chronic insulin-dependent diabetes may partially compensate for decreased glucose uptake and PDH inhibition, thereby protecting the heart during low-flow ischemia, bearing in mind that the STZ-injected rat is a model of uncontrolled diabetes. Whether this occurs in noninsulin-dependent diabetics, who make up 95% of diabetic population, remains to be determined.
